The thermal Chapman-type rearrangement of the pseudosaccharin 3-(methoxy)-1,2-benzisothiazole 1,1-dioxide (MBID) into 2-methyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide (MBIOD) was investigated on the basis of computational models and knowledge of the structure of the reactant and product in the isolated and solid phases. X-ray diffraction was used to obtain the structure of the substrate in the crystalline phase, providing fundamental structural data for the development of the theoretical models used to investigate the reaction mechanism in the condensed phase. The intra-and different intermolecular mechanisms were compared on energetic grounds, based on the various developed theoretical models of the rearrangement reactions. The energetic preference (ca. 3.2 kJ mol À1 , B3LYP/6-31+G(d,p)) of interover intramolecular transfer of the methyl group is predicted for the ''quasi-simultaneous" transfer of the methyl groups model, explaining the potential of MBID towards [1,3 0 ]-isomerization to MBIOD in the condensed phases. The predicted lower energy of MBIOD relative to MBID (ca. 60 kJ mol À1 ), due to the lower steric hindrance in the MBIOD molecule, acts as a molecular motor for the observed thermal rearrangement.
Introduction
Pseudosaccharins (substituted 1,2-benzisothiazole 1,1-dioxides) have attracted attention as significant intermediates in organic synthesis, with particular emphasis on their O-ethers, known as important intermediates for the hydrogenolysis of alcohols. The key for the reactivity of this family of compounds is the strong electron withdrawing ability of the pseudosaccharyl group which reflects in its exceptionally long and short C A AO and C R AO bonds (where R = heteroaromatic ring and A = aliphatic or aryl group), respectively [1] [2] [3] . This characteristic structural feature of pseudosaccharyl O-ethers is considered to be responsible for the high ability of the pseudosaccharyl-oxygen system to act as nucleofuge in reductive cleavage reactions catalyzed by transition metals [1, 2, 4] . The ability of pseudosaccharyl ethers towards the cleavage of the weak C A AO bond has also been observed in other reactions, such as the Claisen-and Chapman-like thermal isomerizations resulting in formation of N-isomers [3, 5] .
Classically, the Chapman rearrangement is assumed to be intramolecular for aryl imidates [6] [7] [8] and alkoxypyrimidines [9] . On the other hand, the Chapman-type thermal rearrangement of the simplest alkylpseudosaccharyl ether, 3-(methoxy)-1,2-benzisothiazole 1,1-dioxide (MBID), resulting in [1, 3 0 ]-isomerization to 2-methyl-1,2-benzisothiazol-3(2H)-one 1,1-dioxide (MBIOD) (Fig. 1) , was observed long ago to occur in the molten phase and was suggested to take place via an intermolecular mechanism [10] . Recently, it was demonstrated that this process can also happen in the crystalline state [5] . Fig. 1 . The Chapman-type rearrangement of MBID (the atom numbering schemes for MBID and MBIOD adopted throughout this paper are those presented in the figure).
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Journal of Molecular Structure j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m o l s t r u c Intermolecular Chapman-like rearrangements in the solid phase were previously described for oxadiazoles [11, 12] . Intermolecular methyl migration in the solid state was also observed for methyl p-dimethylaminobenzenesulfonate [13] [14] [15] and 2-(4 0 -nitroanilino)4,6-dimethoxy-1,3,5-triazine [16] . Interestingly, for both the oxidiazoles and dimethylaminobenzenesulfonate the reaction in the solid phase was found to be faster than in the melt, and this observation was rationalized in terms of an optimal alignment of the reacting atoms in the crystal lattice of the studied compounds [11, 13] . This type of rearrangements, which proceed faster in the solid than in the melt, are recognized as ''topochemically controlled" and have also been previously observed for methyl group transfer reactions in thiocyanurates [17] and 4,6-dimethoxy-3-methyl-dihydro-triazine-2-one [18] .
The observation that the rearrangement of MBID may take place in the solid-state [5] motivated us to shed some light on the mechanism of this reaction. To account for the intermolecularity of the observed reaction, the theoretically predicted intra-and various intermolecular reaction pathways were investigated in this study. In order to ensure applicability of the proposed models and to characterize in deeper detail the relevant chemical species, matrix-isolation infrared spectroscopy was used to obtain the vibrational spectrum of the monomeric final product (MBIOD), which was compared with previously obtained data for the monomeric substrate (MBID) [19] . The crystallographic structure of the substrate was determined through X-ray diffraction analysis.
Materials and methods
Experimental
MBIOD was obtained from MBID by heating a neat sample of this latter compound at ca. 185°C and keeping the sample at this temperature until all reactant has been consumed, as confirmed by TLC analysis. MBIOD was isolated as colourless crystals: m.p. 100%) ). The synthesis of MBID was described elsewhere [5, 19] .
The infrared spectra were recorded in the 500-4000 cm À1 range using a Mattson Infinity 60AR series FT-IR spectrometer, with resolution of 0.5 cm
À1
. The sample was co-deposited with xenon (N45, Air Liquide) isolant gas onto a cryogenically cooled (20 K) CsI window. The compound was sublimated at ca. 340 K from a specially designed mini-furnace assembled inside the cryostat. The selected temperature of the CsI optical substrate was obtained using an APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander. The temperature was measured directly at the sample holder by a silicon diode temperature sensor, connected to a digital controller (Scientific Instruments, Model 9650-1) with the accuracy of 0.1 K. Detailed descriptions of experimental conditions applied to obtain spectra of matrix-isolated MBID as well as polycrystalline spectra of both compounds may be found elsewhere [5, 19] .
X-ray data were collected on a Bruker APEX II-CCD diffractometer, using a transparent plate shaped crystal with dimensions 0.26 Â 0.16 Â 0.06 mm. The crystallographic structure was solved by direct methods using SHELXS-97 [20] . Refinements were carried out with the SHELXL-97 package [20] . All refinements were made by full-matrix least-squares on F 2 with anisotropic displacement parameters for all non-hydrogen atoms (Table 1 for details).
Computational
Geometry optimizations and calculations of vibrational frequencies of MBIOD were performed at the DFT/B3LYP level of theory [21, 22] , using the 6-31+G(d,p), 6-31++G(3df,3pd) and 6-311++G(3df,3pd) basis sets.
The intrinsic reaction coordinate (IRC) reaction path for the intramolecular rearrangement of MBID into MBIOD was calculated at the B3LYP/6-31++G(3df,3pd) level of theory and the geometry and other relevant properties of the transition state (TS) associated to this process were obtained at the same level of theory with the help of the synchronous transit-guided quasi-Newton method (STQN-QST3) [23, 24] . In order to compare these results with the investigated intermolecular models, the geometry and vibrational frequencies of the substrate, product and TS state were recomputed at the B3LYP/6-31+G(d,p) level [giving energy values in close agreement with those obtained at the higher B3LYP/6-31++G(3df,3pd) level].
Three alternative reaction pathways modeling the intermolecular rearrangement were computed at the B3LYP/6-31+G(d,p) level of theory. In model 1, a sequential process was considered: the bond distance between the nitrogen atom of one molecule and the methyl carbon atom of the second molecule (C 17 ÁÁÁN 0 8 ) was varied stepwise and all other parameters optimized at each point, producing an anion-cation pair; subsequently, a second methyl group transfer for anion-cation and neutral-anion pathways was considered by scanning the C In all considered models, the reactant and all neutral products were fully optimized and their vibrational frequencies subsequently computed at the B3LYP/6-31+G(d,p). Further description on these models is given in the Models for the MBID ? MBIOD rearrangement section. All the above-mentioned calculations were performed using the GAUSSIAN 03 suite of programs [25] . Potential energy distributions (PEDs) of the normal modes were computed in terms of natural internal coordinates [26] with the GAR2PED program [27] .
Results and discussion
3.1. Geometry of MBID: comparison between X-ray (crystal) and theoretical (isolated monomer) data
The structure of the isolated molecule of MBID was recently studied in great detail using different theoretical models [19] . In the present investigation its structure in the crystalline state has been addressed using X-ray diffraction. The X-ray crystal structure of MBID is presented in Figs that run along the a axis (Fig. 3) . The comparison between the geometrical parameters of the isolated monomer of MBID, obtained at the B3LYP/6-311++G(3df,3pd) level of theory [5] , and those determined for the molecule in the crystal (Table 2) , reveals the excellent correlation between the two sets of data, providing further evidence on the absence of specific strong intermolecular interactions in the crystal. Nevertheless, in the gas phase the molecule is predicted to be strictly C s , while in the crystal it appears slightly distorted, as described above. The similarity between the gas phase and crystal state MBID molecular geometries supports the use of isolated molecule based theoretical models to address the reactivity of this molecule in the condensed phases.
Geometry of MBIOD. Comparison of the substrate and the product
There is only one minimum on the potential energy surface for MBIOD. The stable conformer of MBIOD has C s symmetry and one of the hydrogen atoms of the methyl group in the anti-periplanar arrangement relatively to the SAN bond. The optimized B3LYP/6-311++G(3df,3pd) geometrical parameters of MBIOD are given in Table 2 .
MBIOD was found to be significantly more stable (ca. 58-60 kJ mol À1 depending on the level of theory applied) than MBID [19] . This difference in stability might be rationalized in terms of differences between the geometries of the two compounds. Obviously, the tautomerization reaction must affect considerably the length of the C 9 AO 15 bond.
Although an extremely short C 9 AO 15 bond is a characteristic feature of the O-ethers of pseudosaccharins [1] [2] [3] , as mentioned in the Introduction, the conversion of the ether linkage (in MBID) into a carbonyl bond (in MBIOD) further shortens this bond, from 1.320 to 1.209 Å [B3LYP/6-311++G(3df,3pd) results]. This value is even smaller than that normally associated with the CAO bond length in a carbonyl of a ketone or aldehyde (1.23 Å). This change constrains considerable redistribution of the electronic density within the five-membered heterocyclic ring. The striking difference could be easily anticipated to take place in the length of the C 9 AN bond, which increases from 1.284 Å in MBID to 1.386 Å in MBIOD. The changes in the lengths of the remaining bonds of the isothiazole ring nearly cancel each other, with the CAS bond being shortened by 0.023 Å and the NAS and C 2 AC 9 bonds being lengthened by 0.012 and 0.010 Å, respectively. On the whole, the heterocyclic ring is predicted to be more strained in MBID than in MBIOD, with the sum of bond lengths being 0.100 Å smaller in the first molecule, while the sum of the ring-internal angles is nearly equal for both compounds. The higher steric hindrance of MBID compared with that of MBIOD is then one of the main factors responsible for the higher stability of the latter compound. It is also worth noting that the changes in the geometry of the five-membered ring upon MBID ? MBIOD conversion practically do not influence the geometry of the six-membered ring. Indeed, the HOMA aromaticity index [28] of the phenyl ring in MBID and MBIOD (0.992 and 0.995, respectively) are practically identical and also very close to that of benzene (1.000).
Models for the MBID ? MBIOD rearrangement
As it was previously suggested by Hettler [10] , the Chapmanlike rearrangement of MBID takes place intermolecularly [5] . An intermolecular methyl migration in the crystalline state is facilitated if a propitious arrangement of the substrate molecules in the crystal occurs, as was previously demonstrated in the case of oxadiazoles [11, 12] and methyl p-dimethylaminobenzenosulfonate [13] [14] [15] . Under these conditions, the intermolecular methyl transfer does not require a considerable distortion of the molecules in the crystal and may become energetically favored. Nevertheless, the intermolecular methyl transfer in the solid state might also take place if the reaction is not topochemically controlled. An interesting example of such methyl conversion is the rearrangement of 2-(4 0 -nitroanilino) 4,6-dimethoxy-1,3,5-triazine into a mixture of products, which occurs in the solid state although there are no contacts between the reaction centers of the substrate in the crystal [16] .
In order to understand the energetic factors controlling the observed MBID ? MBIOD rearrangement, models for the intra-and intermolecular processes shall be considered and compared.
The knowledge about the structures of the monomeric substrate and product discussed above, also rationalized by the good agreement between the theoretically predicted infrared spectra of the two compounds and the corresponding matrix-isolation spectra (see Fig. 4 and Table 3 for MBIOD, and Ref. [19] for equivalent spectroscopic data for MBID), together with the X-ray data obtained for the substrate, provides the basis for the development of reliable theoretical models for the MBID ? MBIOD rearrangement. Fig. 5 presents the calculated IRC reaction path [B3LYP/6-31++G(3df,3pd)], with the optimized geometries of both minima and the transition state for the intramolecular MBID ? MBIOD rearrangement model.
In the transition state, the four-membered CAOACAN ring is significantly distorted, with very long C 17 AO and C 17 AN distances (2.162 and 2.222 Å, respectively) and short C 9 AO and C 9 AN bonds (1.253 and 1.321 Å). The B3LYP/6-31++G(3df,3pd) computed energy for the TS is 287.2 and 230.6 kJ mol À1 higher than those for the product and reactant, respectively, showing that the predicted activation energy for the (concerted) intramolecular rearrangement is quite high (230.6 kJ mol À1 ). The reconsideration of the reaction at the B3LYP/6-31+G(d,p) level of theory, used in the computationally more exigent intermolecular models discussed below, brought similar values, namely an activation energy of 229.2 kJ mol À1 and an energy difference between MBID and MBIOD equal to 58.1 kJ mol
À1
. The input geometry used to calculate the intermolecular rearrangement pathways was taken from the X-ray data (Fig. 6a) . Two MBID molecules from neighboring layers of the crystal were chosen (Fig. 6b) to form the initial dimeric unit used in the calculations.
In the first intermolecular model investigated, the rearrangement can be considered as a sequential process in which the first step is the transfer of the methyl group from one MBID molecule to the nitrogen atom of the second molecule, giving rise to an anion-cation pair. The initial formation of an anion-cation pair was previously suggested by Dessolin et al. [11] as the initial step of oxadiazoles rearrangement, leading to propagation of the reaction via the methyl transfer between a neutral molecule and an anion or a cation. A two-step mechanism involving a molecular pair intermediate was also proposed for intermolecular thermal isomerisation of methyl p-dimethylaminobenzenosulfonate into zwitterionic p-trimethylammoniumbenzenosulfonate [15] .
In our calculations we considered two pathways for the second methyl transfer: anion-cation (starting from the point in the PES corresponding to the minimum energy structure after the first methyl group transfer) and anion-neutral molecule.
In the crystal, there are two ''types of pairs" of MBID molecules (see Fig. 6 3.6 Å, see Fig. 7 ) of the transfer, the energy of the system is predicted to fluctuate only slightly, the maximal change of energy being no more than 1.6 kJ mol À1 . As this initial shortening of the distance does not significantly affect the energy of the system, it is suggested that up to some point the molecules in the pair behave as practically non-interacting. Along the methyl transfer, the C The energy profile corresponding to the above described single methyl transfer process is given in Fig. 7 . An activation energy of ca. 174 kJ mol À1 with respect to the reactants' minimum (the fully optimized MBID dimer, where both CAN distances are equal to 3.689 Å, see Fig. 7 ) was obtained. Comparison with the activation energy of the methyl intramolecular transfer (229.2 kJ mol À1 )
shows that this first step in the sequential intermolecular model is favorable on energy grounds. However, as mentioned above, in this sequential model, the first methyl group transfer corresponds only to an introductory step for the reaction and requires the subsequent transfer of a second methyl group in order to obtain the final neutral MBIOD product. Two different pathways for the second methyl group transfer were investigated: anion-cation (starting from the point in the PES corresponding to the minimum energy structure after the first methyl group transfer) and anion-neutral molecule. The obtained energy profiles for these two pathways are presented in Fig. 8 .
Both considered reaction pathways for the transfer of the second methyl group are predicted to require quite high energy. The activation energy for the anion-cation methyl transfer is ca. 15 bond angles being 6.5°and 84.5°, respectively. The product is a structure in which two MBIOD molecules are arranged one on the top of the other (see Fig. 8 ). In turn, the activation energy for the anion-neutral molecule methyl transfer process is even higher (ca. 314 kJ mol
). As a whole, the sequential model for intermolecular transfer of the methyl group, both for the anion-cation and anion-neutral molecule second step, is predicted to have an activation energy much higher than that corresponding to the intramolecular rearrangement. These results clearly demonstrate that the reaction cannot occur this way.
The second intermolecular model investigated assumes that simultaneous one-step transfer of two methyl groups takes place. This mechanism could be expected to be favored if proper alignment of molecules in the crystal occurred. This type of mechanisms was suggested for the solid state methyl transfer of 6-methoxy-3,5-dimethyl-tetrahydrotriazine-2,4-dione, based on the crystal structure for this compound obtained by X-ray diffraction analysis [18, [29] [30] [31] [32] . In the case of MBID, the activation energy for the simultaneous methyl transfer process was predicted to be ca. Fig. 7 ), i.e. ca. 55 kJ mol
higher than that estimated for the intramolecular process. In fact, the MBID molecules in the crystal lattice are not favorably oriented to allow for the simultaneous methyl transfer to take place efficiently, since interaction between molecules from two different layers separated by a large distance (ca. 5 Å) would be required. In addition, steric hindrance due to repulsive interactions between the two methyl groups being simultaneously transferred (both of them placed in-between the two rearranging MBID molecules; see Fig. 7 ) also contributes to make this process disfavored. In consonance with this, the MBID ? MBIOD rearrangement does not show the characteristics of a typical topochemically assisted reaction. The reaction in the solid state is slower than in the liquid and is considerably accelerated by melting [5] . The third model investigated (''quasi-simultaneous" model) resulted from a preliminary exploration of the potential energy sur- face of the system in aiming to find the minimum reaction pathway for the intermolecular transfer. This preliminary inspection of the PES was carried out at a low-level of theory [B3LYP/3-21G(d,p)], since it required the calculation of a twodimensional energy grid resulting from the PES scan along the D 1 and D 2 coordinates. This scan was performed by varying the CÁÁÁN distances in the 2.8-1.8 Å range, in steps of 0.1 Å; see Fig. 9 .
The results of this preliminary PES study confirm that the most energetically favorable methyl transfer pathway is indeed along the CÁÁÁN coordinates, with D 1 first varying down to 1.8 Å and then D 2 being shortened while D 1 is kept at that value.
Following the indications provided by the preliminary examination of the PES along the CÁÁÁN coordinates, calculations performed at the B3LYP/6-31+G(d,p) level of theory were carried out: starting with the geometry extracted from the X-day data, the D 1 distance was initially changed down to 1.889 Å and from this point the shortening of the D 2 distance was conducted while D 1 was kept frozen; when the D 2 distance reduces to 1.5 Å, the D 1 distance was then shortened down to 1.449 Å while D 2 was allowed to relax (Fig. 10) . The activation energy for this ''quasi-simultaneous" methyl transfer process is ca. 226 kJ mol À1 , in respect to the fully optimized substrate. The predicted energy is then considerably lower than the energy of all other considered intermolecular pathways of rearrangement and slightly lower (ca. 3.2 kJ mol À1 ) than the activation energy of the intramolecular transfer. The significant energetic preference of the ''quasi-simultaneous" mechanism of rearrangement over the other intermolecular mechanisms results from the fact that in its transition state a more favorable equilibrium is attained between the two most relevant factors determining the activation barrier: the value of the N 8 ÁÁÁC 0 17 ÁÁÁO 0 15 angle (a more linear angle favors energetically the process) and the steric repulsion between the methyl groups. As described before, the first factor favors the simultaneous transfer of the methyl groups (for this mechanism the N 8 ÁÁÁC 0 17 ÁÁÁO 0 15 angle at the transition state is ca. 166°), but the second factor was highly unfavorable. In turn, the repulsion between the methyl groups is minimized in the sequential mechanism, which however is disfavored by the strong deviation from linearity of the N 8 ÁÁÁC 0 17 ÁÁÁO 0 15 angle (ca. 85°). On the other hand, for the quasi-simultaneous mechanism, the ) relative to the fully optimized substrate (for anion-cation reaction) and to the starting structure (for the anion-neutral reaction) are given in brackets.
simultaneous transfer, where the methyl groups are in close proximity and interact repulsively via four hydrogen atoms; compare Figs. 7 and 10).
Compared to the activation energy associated to intramolecular transfer, the activation energy of the ''quasi-simultaneous" intermolecular process is only slightly lower (ca. 3.2 kJ mol À1 ), although an upmost bending of the O 15 ÁÁÁC 9 ÁÁÁN 17 angle (60.8°) is predicted for the transition state of the intramolecular rearrangement. However, the intramolecular process is the only one in which the transition state is not sterically crowded. The conjugated effects of these two factors (unfavorable deviation from linearity of the O 15 ÁÁÁC 9 ÁÁÁN 17 angle and favorable lack of hindrance in the TS of the intramolecular process) result in the comparable activation energy of the intra-and ''quasi-simultaneous" intermolecular rearrangements.
We believe that MBID is a boundary case, for which the preference towards an inter-over intramolecular process exists. It is expected that the steric hindrance due to a substituent bigger than the methyl group would significantly increase the energy of the transition state (see Fig. 10 ), thus making the intermolecular rear- rangement improbable on energetic grounds (as was noticed before, the classical Chapman rearrangement is assumed to be intramolecular for aryl imidates) [6] [7] [8] . The reaction is not topochemically controlled, therefore, it is expected that a prerequisite for the transfer is a slight reorganization of the molecules in the lattice with the shortening of both CAN distances (see Fig. 7 ), allowing the subsequent ''quasi-simultaneous" transfer of the methyl groups. The computations suggest that the initial process of molecular reorganization does not require significant energy. However, the rigidity of the lattice, not taken into account in our dimeric-type models, shall definitely hinder in some amount this ''pre-orientation" required to start the process, thus being a decisive factor in explaining the observed greater facility of MBID to undergo the rearrangement after melting [5] , when the molecular mobility strongly increases and a proper alignment of the substrate molecules may be more easily attained.
Conclusions
The mechanism for the thermal Chapman-type rearrangement of MBID towards its energetically lower (ca. 60 kJ mol
À1
) tautomer, MBIOD, was investigated in detail. Based on the knowledge of the structure of the substrate and product under different experimental conditions, various models for the rearrangement reaction were evaluated through quantum chemical theoretical methods.
Comparison of the predicted energetics for the various studied models indicates that among the intermolecular rearrangements investigated only that involving the ''quasi-simultaneous" transfer of two methyl groups is energetically favored relatively to the intramolecular migration model. Both the sequential and simultaneous mechanisms for methyl transfer were found to require considerably more energy to take place (27 and 80 kJ mol À1 for anioncation and anion-neutral molecule sequential mechanism, respectively, and 60 kJ mol À1 for the simultaneous process). According to the ''quasi-simultaneous" mechanism, the transfer of the second methyl group starts when the first methyl group is not yet fully transferred (when the CAN distance equals ca. 1.9 Å), the activation energy of the process being ca. 226 kJ mol À1 , slightly below to that corresponding to the intramolecular rearrangement. Two factors were found to be fundamental in controlling the energy of the methyl group transfer process: the deviation from linearity of the N 8 ÁÁÁC 0 17 ÁÁÁO 0 15 angle and the steric hindrance in the transition state structure. The ''quasi-simultaneous" intermolecular methyl transfer was found to be the unique mechanism in which these two factors are well balanced (e.g., the simultaneous methyl transfer mechanism and the intramolecular mechanism are very much disfavored by the first factor, while the sequential mechanism is strongly destabilized by the second one). The observed reaction is not topochemically controlled due to long distance in the crystal (ca. 5 Å) between the nitrogen and carbon atoms directly involved in the rearrangement. Therefore, the preorientation of the molecules in the lattice is necessary in order to allow for the methyl group transfer to take place. Although the computations predict that this process is not energetically expensive per se, the rigidity of the crystalline lattice, not taken into account in our dimeric-type models, shall hinder to some extent this ''pre-orientation" required to start the process, thus being a decisive factor in explaining the observed greater facility of MBID to undergo the rearrangement after melting [5] , when the molecular mobility strongly increases and a proper alignment of the substrate molecules may be more easily attained.
